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Trace gas sensing in the mid-infrared using quantum cascade lasers (QCLs) promises high specificity and sensitivity. We report on the performance of a simple cavity enhanced absorption spectroscopy (CEAS) sensor using a continuous wave external-cavity QCL at 7.4 lm. A noiseequivalent absorption coefficient a min of 2.6 Â 10 -8 cm -1 in 625 s was achieved, which corresponds to a detection limit of 6 6 1 ppb of CH 4 in 15 millibars air for the R(3) transition at 1327.074 cm -1 . This is the highest value of noise-equivalent absorption and among the longest effective path length (1780 m) reported to date with QCL-based CEAS. V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/ 1.4823545] Over the last two decades chemical sensing using midinfrared laser absorption spectroscopy (MIR-LAS) in the molecular fingerprint region from 3 to 20 lm has been established as a powerful diagnostic tool. MIR-LAS based sensors are an exciting prospect for trace gas sensing as they enable access to strong fundamental vibrational bands of many different molecules of both fundamental and applied interest allowing highly sensitive and selective spectroscopic measurements. The innovation 1 and subsequent developments of quantum cascade lasers (QCLs) have transformed the way radiation in the MIR is generated 2 allowing relatively simple access to a wide spectral region for high-resolution spectroscopy. Its use in chemical physics, 3 trace gas sensing, 4, 5 plasma characterization, 6 breath analysis, 7 and the investigation of supersonic expansions 8 has been reported. The recent commercial availability of room temperature continuous wave (cw) external-cavity QCLs (EC-QCLs) has led to increasingly wide tuning ranges ($200 cm À1 ) combined with high power and narrow linewidth enabling multi-component detection, including molecules with broader absorption structures or condensed phase species. For more information on the developments and applications of EC-QCLs, we refer the reader to various articles [9] [10] [11] [12] [13] [14] and the references therein. To achieve detection limits of parts-per-million (ppm) down to the parts-per-trillion (ppt) levels, the application of cavity-enhanced absorption (CEA) techniques using highfinesse optical cavities has to be explored. It has been demonstrated that diode laser based setups in the near-infrared (NIR) have the ability to achieve very low detection limits. The effective optical path lengths that are achieved are of the order of a few kilometers in a table-top setup whilst the sampling volume remains relatively small. 15 Such devices have the advantageous features of being compact, portable, reliable, and ultra-sensitive diagnostic devices and will find a host of new analytical and fundamental scientific applications if they can be made sufficiently robust and portable for easy deployment and stable use outside the lab. However, the combination of CEA techniques with cw QCLs has proven to be a challenging undertaking as the path length enhancement and resulting sensitivities is currently orders of magnitudes lower than for equivalent setups in the NIR. An overview of the effective path lengths achieved by other researchers so far on combining distributed feedback QCLs (DFB-QCLs) with optical cavities and the outstanding challenges can be found in Refs. [16] [17] [18] . For example, with cavity enhanced absorption spectroscopy (CEAS/ICOS), 19 the effective absorption path lengths and hence sensitivities achieved are worse than expected on the basis of the knowledge in the NIR. As a consequence, most results reported in literature are based on offaxis ICOS (OA-ICOS) or even more complex techniques such as optical feedback CEAS (OF-CEAS), locked CEAS, or NICE-OHMS. 18 Only a few papers have been published on the use of EC-QCLs as light source. The narrow linewidth and high power make them excellent sources for combination with CEA techniques, both within resonant and non-resonant cavities, with a view to producing broadly tunable quantitative sensors. Rao and Karpf have recently demonstrated the detection of NO 2 around 6 lm using OA-ICOS, 20 but also in their case the effective path length was only about one kilometer. Liu et al. 21 have used a DFB-QCL and an EC-QCL, both combined with OA-ICOS, to measure jet-cooled infrared spectra of molecules. They concluded that the detection limit achievable was considerably worse with the EC-QCL and attributed that to the low scan rate ð< 100 HzÞ possible. In this letter, we report on the development of a simple CEAS sensor using a cw EC-QCL operating at 7.4 lm. The performance of the sensor is reported in which the concentration of methane in air served as a benchmark molecule to evaluate the system.
In a classical CEAS setup, the time-integrated radiation intensity output of the cavity is recorded as the laser is scanned across the spectral region of interest. The intensity profile versus frequency of the radiation detected is dependent on the cavity mirror separation, the precise geometry of the cavity with respect to the optical axis, mirror reflectivity and transmission, and laser power. To optimize the CEAS signal, the mirrors are partially misaligned so as to increase the mode a)
Author to whom correspondence should be addressed. Electronic mail: jean-pierre.vanhelden@inp-greifswald. density in the cavity, hence sequential scans can be averaged to give a smooth spectrum which can be described by
where I 0 ðÞ is the baseline signal, IðÞ is the recorded signal with the sample present, l is the cavity length, R is the geometric mean of the reflectivity of the cavity mirrors and rðÞ is the frequency-dependent absorption cross-section of the absorbing medium and c is its concentration. The noiseequivalent absorption (NEA) coefficient a min is defined as
where STD is the 1 r standard deviation of the noise on the baseline of the CEAS signal. The experimental setup is schematically depicted in Fig. 1 . The water-cooled EC-QCL (Daylight Solutions) was tunable in the region 1300-1445 cm
À1
, including a mode-hop free range of 1345-1400 cm À1 with output powers in excess of 80 mW over the whole range and a maximum output power of 150 mW. As we applied an AC detection scheme, the radiation was passed through an acousto-optic modulator (AOM) (IntraAction Corp. AGM-802DD11) with an active aperture size of 2 Â 16 mm to periodically interrupt the laser radiation with the same frequency as the tuning frequency of the laser to monitor the detector signal without any laser radiation. This led to a decrease in output power by a factor of three. After the AOM, a He-Ne laser was co-aligned with the laser beam to aid in the alignment. The resulting first-order beam was passed through a home-made isolator consisting of a polarizer and a tunable k=4-waveplate to prevent backreflections from the optical cavity into the laser. The light was coupled into the cavity via two mirrors and a 500 mm lens placed 247 mm before the optical cavity to optimize the beam diameter to the geometry of higher order modes. The cavity consisted of two high reflective mirrors positioned 32 cm apart with a specified reflectivity of >99; 95% over the whole working range of the laser with a 1 00 diameter and a radius of curvature of 0.5 m (Los Gatos Research Inc.). The light behind the cavity was focussed by a gold-coated offaxis parabolic mirror (OAPM) (50.8 mm focal length) onto an AC liquid nitrogen cooled mercury cadmium telluride (LN 2 -MCT) detector (Infrared Associates Inc. FTIR-22-10) with a pre-amplifier (Infrared Systems Development MCT-1000) and a bandwidth of 100 MHz. Relative frequency calibration was achieved by passing the back-reflection from the polarizer through a 1.011 00 -thick germanium etalon (AERO Laser) with a free spectral range (FSR) of 1458 MHz (0.0486 cm
). The transmitted light was focussed by a goldcoated OAPM (37.5 mm focal length) onto a second LN 2 -MCT detector (Judson Technologies J15D22-M204-S01M-60) with a pre-amplifier (Grasbey Infrared PD8000) and a bandwidth of 150 kHz. Absolute frequency calibration was provided by replacing the etalon with reference gas cells containing either CH 4 or N 2 O. The output signals from both detectors were recorded on a 3 GHz bandwidth digital oscilloscope (Lecroy Wavepro 7300, 10 kilosamples with 1.0 megasamples/s) and further processed using LabVIEW programs on a computer containing a data-acquisition card (NI PXI-6704). Spectra were obtained by scanning over 1.2 cm À1 by generating a sine wave at 80 Hz using a Thorlabs single channel piezo controller (MDT694A) modulating the piezoelectric transducer (PZT) controlling the external cavity grating and typically averaging 10 000 scans. As a result the laser beam coupled into the cavity on average 10% of the time. 22 To improve the excitation of the cavity resulting in a smoother baseline, we introduced a sinusoidal modulation of the injection current of the laser provided by a function generator (Hewlett Packard 33120A). In Fig. 2 , the STD values of an empty cavity are plotted as a function of the modulation frequency for three modulation amplitudes, i.e., 100, 300, and 500 mV. The dashed line is the value for STD (0.06984) without current modulation. The current amplitude modulation of 300 mV results in a minimal value for the STD of around 0.01 6 0.002 over a very broad frequency range from 85 to 300 kHz. This means that the STD of the CEAS signal can be reduced by almost a factor of 8 by applying current modulation. An etalon spectrum shows that an amplitude of 300 mV corresponds to approximately 3.3 Â 10 À3 cm À1 or 100 MHz which is smaller than the FSR of the cavity of 469 MHz. This is expected as we try to optimize the coupling in every existing higher order mode which has a separation which is much smaller than the FSR between TEM 00 modes. This extra modulation resulted in slightly broadened spectra as has been shown previously in the literature. 22 However, in the same work it was also reported that this introduced no error in the determination of the line intensities from the area of the absorption, meaning that the area of the spectra can still be used to measure precise concentrations in our case. All the data reported here were taken with a laser modulation of 85 kHz with an amplitude of 100 MHz.
To obtain absolute concentrations with the CEAS technique and a measure of the sensitivity of our setup, the mirror reflectivity has to be determined. Therefore, we first measured the reflectivity by admitting known amounts of a mixture of 10 ppm N 2 O in N 2 to the cavity and measured the CEAS spectrum of the R(56,e) transition of the 1 only strong enough transitions outside the mode-hop free operating area of the EC-QCL and as such this measurement is also a validation of the performance of the laser outside the mode-hop free region. By plotting the integrated CEAS signal as function of the total pressure and fitting the resulting data with a linear fit, the value of R could be obtained from the resulting slope using Eq. (1). From these measurements, a mirror reflectivity of 0.99982 6 0.00001 was determined which corresponds to an effective path length of 1780 6 100 m. Nearby the N 2 O transition, three R(3) transitions of the triply degenerated 4 , respectively, as given by the HITRAN 2008 database. 23 These were used to measure the amount of CH 4 in air by recording CH 4 spectra for all three transitions for various pressures of air. From a linear fit trough the data of the CEAS signal as a function of pressure a CH 4 concentration of 1.8 ppm in air was determined. This value is in agreement with the previous values reported for the air in Greifswald. 16 Next, the laser frequency was changed to within the mode-hop free range to probe the R(7) transition of CH 4 at 1348.042 cm À1 which has a linestrength of 3.479 Â 10 À20 cm 2 cm À1 molec À1 at 296 K. In Fig. 3 , the integrated CEAS signal as a function of the CH 4 concentration in air samples of different total pressure is shown with a linear fit. First, it is worthy to point out that the fit goes through zero; the resulting slope gives a value for R of 0.99982 6 0.00001, the same value as previously obtained from the N 2 O transition outside the mode-hop free range showing that this laser has the same performance outside the mode-hop free area as long as mode-hops in the spectra can be avoided by tuning either the temperature or the current of the laser.
To characterize the sensitivity as well as the stability of our CEAS setup, the minimal NEA coefficient a min was measured as function of the number of averaged scans. The cell was each time filled with 15 millibars of air and the CEAS signal was recorded. The STD value over 0.1 and 0.2 cm À1 to the right of the transition was determined and converted in the corresponding NEA coefficient a min as given by Eq. (2). In Fig. 4 , an Allan deviation plot is shown where a min is plotted as a function of the amount of averages. The best value of a min of 2.6 Â 10 À8 cm À1 was obtained for 50 000 averages recorded in 625 s. This is a typical noiseequivalent absorption coefficient expected from CEAS measurements in the NIR and may be achieved in our case due to the high power laser. The long average time is due to the slow scanning speed of such an EC-QCL. In Fig. 5 , the resulting CEAS spectrum obtained of 1.8 ppm CH 4 in 15.1 millibars of air at room temperature after averaging 50 000 scans is shown. From the Voigt fit shown as well, it could be concluded that the broadening of the line profile due to the current modulation is purely Gaussian. This broadening was quantified by fitting our spectra with a Voigt profile in which the Gaussian width is set as the square root of the combination of the Doppler linewidth, 4.15 Â 10 À3 cm À1 at 296 K, and an unknown part representing the broadening of the line due to the current modulation. The Lorentzian component is set to the expected pressure broadening using the pressure broadening parameter c air for CH 4 by air. 23 We obtained a value of $5:3 Â 10 À3 cm À1 for the broadening which is larger than the expected value described above. This extra broadening is caused by the observed small laser frequency shifts from one scan to the next while averaging. Including this extra broadening of the line profile in our analysis, our value of a min of 2.6 Â 10 À8 cm À1 means that 6 6 1 ppb CH 4 in 15 millibars total pressure can be detected using the strong R(3) transition at 1327.074 cm À1 . The obtained detection levels indicate that such high power, widely tunable radiation sources can provide the required detection limits for sensing measurements in a broad field of applications. 
